N 2 O is a highly potent greenhouse gas and arable soils represent its major anthropogenic source. Field-scale assessments and predictions of soil N 2 O emission remain uncertain and imprecise due to the episodic and microscale nature of microbial N 2 O production, most of which occurs within very small discrete soil volumes. Such hotspots of N 2 O production are often associated with decomposing plant residue. Here we quantify physical and hydrological soil characteristics that lead to strikingly accelerated N 2 O emissions in plant residue-induced hotspots. Results reveal a mechanism for microscale N 2 O emissions: water absorption by plant residue that creates unique micro-environmental conditions, markedly di erent from those of the bulk soil. Moisture levels within plant residue exceeded those of bulk soil by 4-10-fold and led to accelerated N 2 O production via microbial denitrification. The presence of large (∅ ∅ ∅ > 35 µm) pores was a prerequisite for maximized hotspot N 2 O production and for subsequent di usion to the atmosphere. Understanding and modelling hotspot microscale physical and hydrologic characteristics is a promising route to predict N 2 O emissions and thus to develop e ective mitigation strategies and estimate global fluxes in a changing environment.
E
xtremely high temporal and spatial variability of N 2 O fluxes is one of the main reasons for persistent difficulties in curbing uncertainties in N 2 O fluxes 1,2 , especially from arable soils that are responsible for the majority of anthropogenic N 2 O emissions [3] [4] [5] [6] . Despite substantial research efforts [7] [8] [9] , accuracy in predicting N 2 O production and emission, either via empirical or process-based models, remains surprisingly low 9 . While the Intergovernmental Panel on Climate Change has recently proposed a closed global budget for N 2 O, there remains enormous uncertainty regarding precise source and sink terms 10, 11 . Soil N 2 O fluxes measured simultaneously within several metres of one another often differ by a factor of 2 or more 12 and day-to-day fluxes can change by an order of magnitude or more 13 , requiring intensive sampling regimes to accurately estimate annual fluxes 14 . Uncertainties associated with predicting N 2 O emissions from agricultural soils amended with plant residues, as happens, for example, with cover crops, green manure, and land conversion 3, 15 , can be particularly high [3] [4] [5] [6] . At least some of this variability arises because the majority of N 2 O production in soil occurs within very small soil volumes (<1 cm 3 ), so-called hotspots, and typically persists for very short periods of <2 weeks 16 . Hotspots can develop around plant residues, fragments of particulate organic matter, plant roots or inside soil aggregates [17] [18] [19] [20] . Plant residues appear to be particularly potent N 2 O sources: in one early experiment more than 80% of the N 2 O produced in a soil core was traced to an 80 mg plant leaf remnant 19 . The factors that activate such high microscale emissions are poorly known but could be crucial for understanding and mitigating N 2 O fluxes. There is growing acknowledgement that a failure to understand the mechanisms that control the occurrence and activities of hotspots is a main reason for difficulties in predicting N 2 O emissions, and that without considering microscale processes, accurate large-scale predictions will remain an intractable problem 1, 21 . Here we assess how factors known to influence overall N 2 O emissions 22, 23 , specifically plant residue quality, soil moisture, and soil pore size distribution (PSD), synergistically affect microscale N 2 O production and emissions. We examined N 2 O emissions for 110 days in microcosms constructed from soil dominated by either small (<10 µm) or large (>35 µm) pores. Microcosms were assigned to one of two plant residue treatments (corn or soybean leaf discs), or to a control without residues, and were incubated at low (30%) or high (45%) water-filled pore space (WFPS). X-ray computed , X-ray µ-CT images of corn (a) and soybean leaves (b) (green) at the start of the incubation experiments (top) and after 7 days of incubation (bottom). Scale bars, 1 mm. c, Loss in leaf volume during the incubation determined from the X-ray µ-CT images. Data are means for plant residue type and pore sizes averaged across both levels of WFPS and agricultural managements, error bars indicate s.e.m.
(n = 4), asterisks indicate significant di erences between pore sizes at p < 0.001. micro-tomography (X-ray µ-CT) provided unique high-resolution in situ characterization of plant residue decomposition dynamics and soil PSDs [24] [25] [26] . X-ray µ-CT also facilitated visualization of water within the microcosms; and optical oxygen sensors enabled microscale 2D mapping of O 2 distributions. Site-preference analysis (SP: the difference in δ 15 N between the central and outer N atoms in N 2 O) provided knowledge of alternative microbial pathways of N 2 O production and, in particular, distinguished microbial production via bacterial denitrification versus nitrification and fungal denitrification 27, 28 . Consistent with previous studies 1, 19 , our results demonstrate that N 2 O hotspots of small (sub-centimetre) size can be a source of substantial N 2 O emissions. We determined that two co-occurring physical conditions are necessary for the occurrence of a highly potent hotspot: the presence of a spatially aggregated source of organic material and the presence of large pores in its vicinity.
Micro-environments within plant residue hotspots
Spatially aggregated sources of organic material, that is, intact pieces of plant leaves, as in our study, aggregated clumps of ground plant residue [29] [30] [31] , or topical inputs of animal manure 32 are known to foster extraordinarily high N 2 O emissions. Moreover, the greater the spatial aggregation of the plant residue the greater the N 2 O emissions that can be expected 30 . Our results, for the first time, demonstrate that an important underlying reason for this phenomenon is absorption of water from the surrounding soil by the residue. Even at the low soil water contents of our experiment, that is, 15% and 24% by mass (Supplementary Table 1) , gravimetric water contents of incubated leaf residue fragments were in the 60-220% range (Fig. 1) . Essentially, the plant residue remnants within the soil matrix served as a sponge that accumulated water and thus, even in a relatively dry soil, acted as a local spot of high moisture for microbial heterotrophs. Very fine pores of the plant residue extract and retain water even from moderately dry soil due to strong capillary forces.
Pore size distributions of the surrounding soil affect how much water can be absorbed by the residue (Fig. 1) : when the residue is surrounded by large soil pores (Fig. 2a,b) it retains substantially more water, leading to its faster decomposition (Fig. 2c) , than when it is in contact with small pores. In the latter case more soil water is retained by the small pores within the soil matrix, rather than in the residue. Both corn and soybean residue absorbed comparable amounts of water, suggesting the general nature of this phenomenon.
Local anoxia within plant residues and denitrification
The conventional expectation is that most N 2 O production by denitrification occurs at relatively high soil moisture levels (60-90% WFPS), while that produced by nitrification prevails at lower moisture contents 33 . Nevertheless, denitrification can be a major source of N 2 O emissions even in relatively dry soil 34 , especially important when organic inputs become newly available to soil heterotrophs following direct additions of new plant residues 35 or redistribution of soil organic matter via tillage 36 . Denitrification in drier soils is typically attributed to anaerobic microsites where rates of O 2 consumption exceed diffusion, such as within soil aggregates or in microsites of active decomposition of organic substrates 20, 30, 37, 38 . Our results show that absorption of water from the surrounding soil by plant residue fragments is an alternative previously unrecognized cause for the formation of local anaerobic conditions in relatively dry soil. The findings suggest that this mechanism can be a major contributor to microscale anaerobic heterogeneity and thus to denitrifier-derived N 2 O fluxes. Our evaluation of the microbial origin of N 2 O on the basis of SP analysis within control microcosms is consistent with conventional expectations. That is, more N 2 O was produced via denitrification in wetter soil (Supplementary Table 2 ) and in the small-pore microcosms ( Fig. 3) , where lower gas diffusivity enhanced O 2 limitations and greater presence of available C due to soil crushing and sieving 39, 40 further enhanced denitrification (Supplementary  Table 3) 6,41 . In contrast, in the microcosms with plant residues, soil moisture did not affect the proportion of N 2 O produced via denitrification, and N 2 O production via denitrification was greater in large than in small-pore microcosms.
Large-pore microcosms of this study were dominated by pores >35 µm in diameter and their pattern of water distribution resulted in a very substantial volume of large connected air-filled pores (Supplementary Fig. 1 ) with high gas diffusivity (Supplementary Table 1 ). The small-pore microcosms, in contrast, were dominated by 4-10 µm pores and had lower gas diffusivity.
In the large-pore microcosms there was a rapid supply of O 2 to the plant residue and no indication of O 2 shortage even during the first 4 days of the incubation when the most active decomposition of residue was taking place and N 2 O emissions were high (Fig. 4) . In the small-pore microcosms, O 2 levels decreased substantially, with the greatest decrease observed in the microcosms with soybean residue followed by the microcosms with corn residue. The spatial pattern of the decrease was associated with plant residue position, and, as expected 42, 43 , the greatest decrease in O 2 levels was observed in close proximity to the residue.
Considering the high water content of plant residue in the large-pore microcosms, which exceeded 180% even in the 30% WFPS soil, the most parsimonious explanation for this pattern is that the plant residue itself served as a local anaerobic hotspot for denitrification. Rapid mineralization under auspiciously moist conditions within the residue led to prompt O 2 consumption, while high moisture levels within the residue limited O 2 inflow.
Thus, plant residue fragments adjacent to large pores provided a perfect environment for the close spatial coupling of decomposition, nitrification, denitrification and N 2 O escape, ultimately leading to high rates of N 2 O production and emission. Worth noting is that management practice had relatively minor effect on N 2 O emissions ( Fig. 3 and Supplementary Fig. 2 ), despite expectations, indicating that soil PSD parameters were more important than soil history for controlling N 2 O emissions.
Large pores drive fate of N 2 O produced within hotspots
High soil N 2 O emissions stem both from N 2 O production and from transport conditions conducive to N 2 O escape to the atmosphere prior to its reduction to N 2 (refs 41,44-47) . Our observations suggest that in plant residue-induced hotspots the PSD of the surrounding soil is crucial for enabling N 2 O escape; and the greater is N 2 O hotspot production the greater will be the impact of large pores on maximizing emissions, as in our soybean microcosms. Due to their low C/N ratio (Supplementary Table 4 ), soybean leaves decomposed very rapidly, such that >87% of their volume was lost by day 7 in large-and small-pore treatments alike (Fig. 2) . Nevertheless, both the total amounts of N 2 O emitted and the temporal patterns of the emissions differed between large-and small-pore soybean microcosms. The greatest plant residue-induced N 2 O emission from the large-pore soybean microcosms occurred on day 3 (Fig. 5) ; and while in the small-pore soybean microcosms there was a relatively small increase in emission on day 3, emissions were substantially greater on day 7 when most of the soybean residue was already decomposed.
These results point to delays between N 2 O production and its emission. The low gas diffusivity of the small-pore microcosms not only delayed the timing of peak emissions but also appeared to have led to reductions in the total amount of N 2 O emitted. Given similar magnitudes of soybean residues decomposed in both the large-and small-pore microcosms (Fig. 2) , it is likely that comparable amounts of N 2 O were produced in both as well. Considering that the amount of N 2 O emitted during the entire incubation in large-pore soybean microcosms was almost double that in the small-pore ones (575 versus 332 µg N kg −1 , respectively; Fig. 3 ), we can presume that the delay of emissions in the small-pore microcosms possibly led to a greater proportion of N 2 O reduction to N 2 .
While we did not directly evaluate the reduction of N 2 O, our findings suggest that the lack of large pores created additional anaerobic areas around the decomposing residue, facilitating N 2 O reduction to N 2 (Fig. 4) . Because decomposition of corn residue was slower than soybean, there was also probably a smaller discrepancy between N 2 O production and emission rates in small-pore samples, explaining the lack of differences in temporal patterns of large-and small-pore samples with corn.
Concluding remarks
Our results demonstrate that since most of the hotspot N 2 O production took place within plant residue, the conditions within the residue itself, and not those of the bulk soil, affected N 2 O production the most, while large pores in the vicinity facilitated both residue mineralization (Fig. 2) and rapid escape of produced N 2 O (Fig. 5) . Water uptake by plant residue from the surrounding soil enabled decomposition of the residue and N 2 O production even when the adjacent soil was relatively dry. Importantly, plant residue water absorption depended on the pore characteristics of the surrounding soil, specifically on its water retention capacity: more water was absorbed by plant residue in soils where large pores predominated as compared with soil with small pores. We believe these results are generalizable to soils elsewhere, and thus suggest a promising new route for improving predictions of N 2 O emissions from soil-to consider joint effects of soil PSD along with the presence and spatial distribution patterns of plant residues. (n = 16), small asterisks on top of error bars mark the di erences that were significantly greater than zero, large asterisks above bars indicate significant di erences between large and small pores within each plant residue type and time point ( * * p < 0.05 and * * * p < 0.01).
Corn and soybean are among the most widely grown row crops worldwide, and plant residue incorporation is among the most commonly used agriculture practices, sometimes promoted as an effective climate change mitigation strategy due to soil carbon accretion 48 . Evidence here, however, suggests that residue incorporation should in many cases promote N 2 O emissions, as has been measured elsewhere in situ 3 , counteracting the climate benefit of soil carbon storage. Our identification of the underlying cause for this accelerated N 2 O production should provide a means to design cropping practices to avoid this trade-off, in addition to providing the basis for more accurately representing N 2 O fluxes in quantitative models and thus improving our understanding and estimates of this globally important gas.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of this paper.
Soil sampling and preparation. Soil samples were collected from conventionally and organically managed corn-soybean-wheat rotation treatments in the Main Cropping System Experiment of the Kellogg Biological Station Long-Term Ecological Research site (KBS LTER). Soils are Typic Alfisols of Kalamazoo and Oshtemo series, with properties common to the deciduous forest zone of the US Midwest and Europe. The conventional treatment obtains agrochemical inputs consistent with recommendations of Michigan State University Extension. The organic treatment does not receive any chemical inputs but includes cover crops (cereal rye and red clover) as part of the rotation. Additional climate, soils and agronomic details are available elsewhere 49 . KBS LTER was established in 1989 and since then the organic management has resulted in greater soil C levels than the conventional management 50, 51 . Soil samples were collected in autumn of 2014, after corn harvest, from 0-15 cm depth, representing the Ap horizon. Air-dried samples were used to prepare soil materials of two contrasting pore characteristics, with predominantly large and small pores, respectively (Supplementary Fig. 1) . The large-pore material was obtained by sieving air-dry soil and collecting the 1-2 mm sieved fraction. To minimize inherent differences, the small-pore material was created from the large-pore material. For that, the large-pore material was crushed and sieved, and the 0.05-0.1 mm fraction so-produced was collected for the experiments. By design, the large-and small-pore materials had very substantial differences in their PSD. Despite their identical origin, crushing and sieving had unavoidable effects on particle-size distributions of the materials and on the availability of soil C to decomposers 39, 40 (Supplementary Table 3 ).
Soil microcosms. Soil microcosms (8 mm diameter × 10 mm height) were constructed using the two soil materials. We constructed the microcosms with dry corn and soybean leaves ( Supplementary Fig. 3 ) and also control microcosms without leaves. All samples were constructed so as to maintain the same bulk density of 1.1 g cm −3 ; thus, all treatments had the same 58% total porosity.
Leaf disc preparation. Corn and soybean were harvested 75 d after germination. Leaf discs (∅ 7 mm) were prepared by cutting the leaves into circles using a hole punch. The leaf discs were then flat dried in a herbarium drying press. The weight of each individual leaf disc was recorded before it was placed into the microcosm (Supplementary Table 4 ).
Incubation experiment.
Microcosms were incubated at two soil moisture levels corresponding to water-filled pore spaces (WFPS) of 30% and 45% (Supplementary Table 1 ). These WFPS levels reflected the following hydrological characteristics of the studied soil: WFPS of 30% corresponded to the porosity of 1-2 mm soil fraction used in this study-that is, the condition at which large pores were not filled with water, and, thus, served as conduits for free gas diffusion. WFPS of 45% corresponded to the field capacity of the microcosms made of 1-2 mm soil fraction, the state when capillary menisci between soil aggregates were expected to restrict free gas flow. The porosity of 1-2 mm fraction fragments was assessed from X-ray µ-CT images, whereas the field capacity was measured by free drainage of water-saturated microcosms. Relevant amounts of water were added separately to the bottom and top parts of the microcosm during its construction to ensure even soil moisture distribution through the entire sample. Each microcosm unit was placed into a 40 ml test tube containing 1 ml water and capped with a stopper. Four replicated microcosm samples were incubated for each of the 24 experimental treatments (3 substrate levels (corn, soybean, control) × 2 agricultural systems × 2 pore sizes × 2 soil moisture levels) for a total of 96 microcosms. The samples were incubated for 110 days, during which the headspace was sampled on days 1, 3, 7, 14 and thereafter every 12 days, for a total of 11 sampling events. At each sampling event, the headspace gas was sampled into pre-evacuated 5 ml Exetainers and analysed for N 2 O using an Agilent 7890 GC equipped with flame ionization and electron capture detectors.
Moisture levels in leaf discs. To determine gravimetric moisture contents of leaf discs during the incubation we conducted a supplementary experiment with a separate set of microcosms created using air-dried leaves as described above. Soil from conventional management practice was used in this analysis. The microcosms were allowed to equilibrate with added water for 4 h, a time adequate for complete water redistribution through the microcosm, yet sufficiently short to preclude measurable leaf decomposition. Then we disassembled the microcosms, weighed the leaf discs, and calculated gravimetric water content of each leaf. In cases when there was soil attached to wet leaves, the leaves were weighed and dried and the amount of attached soil was determined by weighing the dry soil separated from the leaves, and then subtracted.
X-ray µ-CT scanning and image analyses. For image analysis, an additional set of microcosms with corn and soy leaves were subjected to incubations and scanned at day 7, 14 and 24. Scanning was destructive: that is, to ensure higher accuracy in estimating leaf sizes, prior to scanning the samples were air-dried and thus not used in further incubations. We scanned 1-3 replicates for each of the 48 treatment × day combinations (2 substrate levels (corn, soybean) × 2 agricultural systems × 2 pore sizes × 2 soil moisture levels × 3 sampling dates), for a total of 71 scanned microcosm samples. X-ray µ-CT scanning was conducted on the bending magnet beam line, station 13-BM-D of the GeoSoilEnvironCARS at the Advanced Photon Source, Argonne National Laboratory, with resolutions 3-6 µm (ref. 52 ). Quantification of the plant leaf volume within each microcosm was conducted using image segmentation and particle analysis tools available in ImageJ (http://rsbweb.nih.gov/ij) 25, 53 . To obtain detailed pore characteristics of the created soil materials a subset of samples was scanned at 2 µm resolution. In the samples from the subset, pores were identified using the indicator kriging method 54, 55 and their size distributions were obtained using a medial axis approach implemented in 3DMA-Rock software 56, 57 . To visualize the location of the water added to the microcosms, we prepared a subset of control samples using 10% KI solution. The samples were scanned at 2 µm resolution at two energy levels, namely, 33.269 keV, which is above the iodine K absorption edge and 33.108, which is below the edge. The two data sets were subtracted, which clearly identifies the location of the iodine and hence the liquid added to the system.
Spatial pattern in O 2 distribution.
A supplementary experiment was conducted to assess the spatial patterns in O 2 distribution within the samples using optical oxygen sensors (optodes). The non-invasive sensors measure partial pressure of O 2 by recording fluorescence quenching, where oxygen quenches a photoluminescent substance (for example, ruthenium(II)-diimine-complex or platinum(II)-porphyrin) 58 . The sensor foil (SF-PSt3-NAU-YOP, PreSens, Precision Sensing GmbH), 2 × 0.5 cm, was glued to the inner side of the container with the microcosm sample and the leaves placed at the bottom of the microcosms (Fig. 4) . The sensor signal was read every 20 min for 4 days from the start of the incubation.
To reduce noise, the original 25-µm-resolution measurements were aggregated to 100 µm resolution. Relative deviation of O 2 levels from the pre-incubation average was used to asses O 2 changes.
Gas diffusivity calculations.
The information on pore volumes inside and between soil fragments and their air-filled status obtained using X-ray µ-CT was used to estimate relative gas diffusion coefficients in the microcosms. We used an approach based on the conceptual model of a bimodal porous medium developed by Resurreccion and colleagues 59 . The ratio between the gas diffusion coefficients in the soil, D p , and in the free air, D o , changes with soil air content as:
where Φ 1 is the inter-clod porosity (cm 3 cm −3 ); ε 1 , ε 2 and ε are the inter-clod and intra-clod, and total air-filled porosities, respectively (cm 3 cm −3 ); X 1 and X 2 are the dry-region pore connectivity factors of inter-and intra-clod pores (dimensionless); and N 1 and F 2 are the empirical parameters (dimensionless).
Parameters of equation (1) SP analysis. The relative importance of bacterial denitrification (including nitrifier-denitrification) to total N 2 O production was determined as described by Ostrom and colleagues 36 . Pure culture studies demonstrate that SP values of 33 to 37 and −10 to 0 , respectively, indicate N 2 O production from hydroxylamine oxidation + fungal denitrification and bacterial denitrification 62, 63 . On the basis of these values the proportion of N 2 O derived from denitrification can be determined from the SP value of soil-derived N 2 O (ref. 27). As ambient air was used as the headspace in our soil microcosms, the SP of soil-derived N 2 O was calculated on the basis of the isotope values for ambient air (in blanks) and headspace gas analysed at the end of the 7 day incubation period 27 . SP was determined only on incubations lasting 7 days, the period of time that encompassed the highest rates of N 2 O production. To obtain sufficient N 2 O for isotope analyses larger microcosms (∅ 25 mm × 10 mm) were prepared following the same procedures as described above. The N 2 O obtained from microcosms was analysed using a Trace Gas System (Elementar) interfaced to an Elementar Isoprime 100 mass spectrometer for determination of bulk δ 15 N, δ 18 O and SP 62, 63 . Within the Trace Gas System, water and CO 2 are removed using chemical scrubbers (magnesium perchlorate and Carbosorb, respectively) and N 2 O is chromatographically separated from the residual CO 2 on a Porapak Q column that is interfaced to the mass spectrometer 62, 63 . The Isoprime multi-collector mass spectrometer simultaneously monitors 5 masses of interest for N 2 O isotopomers: 30, 31, 44, 45 and 46. We follow the convention of Toyoda and Yoshida 64 in defining the central and outer nitrogen atoms as α and β, respectively. We applied corrections for the contribution of 17 O to masses 31 and 45 and for a small degree of rearrangement of 15 N between the α and β positions within the ion source 64 .
Statistical analysis. Data analyses were conducted using the PROC MIXED procedure of SAS (SAS, 2012). For one-time measurements, for example, cumulative amounts of emitted N 2 O, the statistical model included fixed effects of the studied factors and their interactions and the random effect of the experimental blocks. The studied factors were agricultural management practices, plant residue types, soil WFPS levels and soil pore size distribution treatments. For measurements that were taken at multiple times from each microcosm, for example, N 2 O emission rates, the repeated measures approach was used, with individual microcosms nested within respective treatments and treated as the random effect and an error term. Normality and homogeneity of variance assumptions were assessed using plots of the residuals. Lack of normality in the N 2 O data was addressed by log-transformation and unequal variance analysis was used as needed on the basis of Bayesian information criterion values 65 . Significant interaction effects were examined using analysis of simple effects, also known as slicing 66 . The differences between control microcosms and the microcosms with plant residue, also known as plant residue-induced effects, were quantified using contrast statements. Likewise, the differences between plant residue-induced effects in different treatments were assessed by contrasts. Results were reported as statistically significant at p < 0.05 and p < 0.01. 
